Abstract
Introduction
Viking 1 Orbiter was operational at Mars from 19 June 1976 to 17 August 1980 and Viking 2 Orbiter from 06 August 1976 to 25 July 1978 (Snyder, 1977; . Both Orbiters collected images suitable for topographic mapping (as well as many other investigations, including landing site certification, geologic mapping, meteorologic monitoring, and color/ photometric studies), and the images have been used to generate diverse planimetric and topographic map products. For example, previous mapping projects used Viking Orbiter images to construct planet-wide Martian control networks (Wu and Schafer, 1984; Davies and Katayama, 1983; Davies et al., 1999 and digital mosaics (USGS, 1991a; Batson and Eliason, 1995; Kirk et al., 1999c; 2000a; 2001a; Kirk and Archinal, 2004) , planet-wide 1:5 000 000 and 1:2 000 000 topographic map series (Wu, 1979) , and special topographic maps at scales of 1:1 000 000 to 1:500 000 (Wu et al., 1982 , Rosiek et al., 2003 . Until the 1990s, mapping techniques used with Viking Orbiter data were based on hardcopies derived from the digital data. The earliest control point measurements (many of which are still part of the latest global network) were measured on film comparators and the first generation of topographic maps were compiled on analytical plotters. In this paper we will describe the practical application of modern softcopy mapping techniques, including the synergistic use of a commercial digital photogrammetric workstation with public domain planetary mapping software, to Viking imagery.
After more than 20 years, the Viking Orbiters were followed by the Mars Global Surveyor (MGS) orbiter, which arrived at Mars in September 1997. The Mars Orbiter Laser Altimeter (MOLA) on MGS collected topographic information until June 2001 when the clock oscillator in MOLA stopped (Neumann et al., 2003) . One might ask whether Viking stereo imagery retains any value now that MOLA has provided a near-global topographic dataset with absolute accuracies (approximately 10 m vertically and approximately 100 m horizontally) far better than those that can be achieved
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Mark R. Rosiek, Randolph L. Kirk, Brent A. Archinal, Eliptha Howington-Kraus, Trent Hare, Donna Galuszka, and Bonnie Redding photogrammetrically. The answer is yes, because the available stereo coverage in many areas supports a higher density of topographic measurements than MOLA provides. The MOLA digital terrain models (DTMs) of the Martian equatorial regions are gridded at a spacing of nearly 500 m, but gaps of several km that are filled with interpolated data are commonplace. Stereo techniques can provide an independent elevation estimate as closely spaced as every 3 pixels (a 3 ϫ 3 "box" being the smallest pattern of pixels that can be compared practically between images). Thus, even 200 m/ pixel Viking images, which cover a significant portion of the 1:500 000 scale quadrangles typically used for geologic and hence, topographic mapping, can provide height estimates every 600 meters, and thus can be used to fill the gaps in the MOLA grid with real topographic information. Other Viking images having higher resolutions provide the possibility of even more detailed DTMs at the cost of more mapping effort per area covered; in many areas, Viking still provides the best stereo image coverage available. In any case, the result is to increase the range of local geologic processes that can be quantified and studied through the use of more detailed topographic data. As we describe, the stereomodels can be controlled to the MOLA DTM so that they are consistent with it and have an absolute accuracy that is limited both by the resolution of the images and by that of the MOLA grid. The resulting accuracy is necessarily less than that of MOLA itself but far superior to what could be achieved photogrammetrically with the Viking images and orientation data alone (as exemplified in pre-MGS topographic maps). An important part of the process of controlling Viking data to MOLA is the use of an intermediate resolution image mosaic as a "base map" to which the stereo images can be tied more readily than they can by direct comparison to the altimeter data. The best global, MOLA-controlled image mosaic currently available for this purpose is itself derived from Viking Orbiter images and provides another example of the continued utility of the Viking data.
Source Data
Viking Stereo Coverage More than 50,000 images, including thousands suitable for topographic mapping, were collected by Viking Orbiters 1 and 2 using a visual imaging subsystem that consisted of two television framing cameras. The focal lengths were approximately 475 mm, and the images were collected by a vidicon camera which scanned 1,056 lines by 1,182 samples (85 pixels per mm) (Wu et al., 1982) . Each camera had five color filters and one clear filter. The optical axes of the two cameras were offset so the images would overlap (see Figure 1a) . The field of view of the cameras is Ͻ1°, however, this overlap does not provide stereo convergence. Stereo coverage is obtained by combining images from different orbits or different parts of the same orbit that have suitable geometric properties (in particular, at least one image of each pair must be oblique). Figure 1b shows image footprints from a different orbit that form stereopairs with images from Figure 1a . Depending on the quality of the camera pointing data, the estimated location of a Viking frame may be incorrectly positioned by up to half an image frame.
The quality of stereomapping depends on the resolution and stereo geometry of images available and varies widely Figure 1 . Area shown covers Ascraeus Mons on Mars from 250°E to 260°E and 5°N to 14°N (planetocentric) . Figure 1a and 1b show footprints of Viking Orbiter images from different orbits with MDIM 2.1 as background image base. The region of overlap between orbits can be analyzed to extract stereo topography. Figure 1c shows the expected stereo precision of Viking orbiter stereo models. Figure 1d shows the MOLA observations for the area, white areas are places with no MOLA observations. over Mars; understanding the spatial layout of data quality is crucial to planning mapping projects. A Viking Orbiter Image Database is available to help select images for topographic mapping (Kirk et al., 1999b) . This database contains a subset of geometric metadata from the most up-to-date records at the USGS. Customized software was written to analyze and display selected aspects of these data. This provides an indication of the stereo quality for a given area and helps in selecting the images to use for topographic mapping. The figure of merit for stereo pairs is the vertical expected precision (EP) defined as:
( 1) where r is the image resolution (expressed as the size of a pixel on the ground) and p/h is the ratio of parallax to height. The parallax to height ratio corresponds to the base to height ratio for conventional aerial photographs. For the narrowangle Viking Orbiter images, parallax results from oblique camera pointing rather than overlap of vertical looking images, and the relative parallax between images must be considered in vector form (e.g., two oblique images from the same side do not make a good stereo pair). The constant 0.2 in (Equation 1) reflects the rule-of-thumb that both human operators and automated matching systems can typically match feature locations to about 0.2 pixel accuracy. We have estimated the dimensionless matching accuracy for a variety of planetary imaging systems and obtained results close to 0.2 pixel in all cases (Kirk et al., 1999a; 2004a) .
Images considered for pairing have been culled in order to ensure that they can be matched. The following criteria, adapted from those of Cook et al. (1996) in mapping Clementine stereo coverage of the Moon, were used:
• Incidence angle i Ͻ 85°, to avoid shadows • Emission angle e Ͻ 70°• Image resolution difference is no more than 2.5
• Sun positions similar Cook et al. (1996) required the sun positions to differ by no more than 45°in azimuth and 10°in elevation. Recognizing that differences in illumination are less significant when the sun is high in the sky, we have relaxed this constraint and accept image pairs if both incidence angles are Յ30°, pairs with incidence angles Յ60°if they differ by Յ90°in azimuth and Յ15°in incidence, and pairs with incidence angles Յ85°if they differ by Յ45°in azimuth and Յ7.5°i ncidence.
To maximize coverage, all images, without regard to the spectral filters used (approximately 50,000 images in all) were included in the search, and stereopairs with images taken through different filters were considered. Because of the moderate spectral contrast of the Martian surface, we expect that such mixed pairs should be usable in enough situations to warrant their investigation. These criteria resulted in identifying 232,000 possible stereopairs over the globe (Kirk et al., 1999b) . A "Stereo Expected Precision" map showing the best achievable precision is available on line (Hare, 2004) . Although only a few small areas (including candidate Viking landing sites) have EP Ͻ10 meters, considerable coverage exists with precision better than 100 meters. Figure 1c shows an example of the expected precision in a 10°ϫ 10°area. Thus, the opportunity exists to map a number of sites at scales from 1:250 000 to 1:1 000 000 and contour intervals (CI) from 20 meters to 250 meters.
MOLA
MGS was launched to Mars on 07 November 1996 and carried on board six science experiments (camera system with wide angle (WA) red and blue, and narrow angle (NA) instruments, thermal emission spectrometer, laser altimeter, magnetometer/ EP ϭ 0.2 r/(p/h), electron reflectometer, ultra-stable oscillator, and radio relay system). MGS was successfully placed in a nearly polar orbit with an inclination of 92.8°and a nominal altitude 378 km above the Martian surface. The maximum ranging distance for MOLA was 787 km with a range resolution of 37.5 cm. The spot size was 168 m with an along track spacing of 300 m (Smith et al., 2001) .
MOLA has produced a global altimetric dataset (Arvidson, 2004) with over 583,000,000 data points and a phenomenal absolute accuracy (horizontal accuracy 100 m and vertical accuracy 10 m with a precision of Ͻ1 m) (Neumann, 2004) and excellent along-track (north-south) spatial resolution of 300 m between measurements. However, a larger inter-track separation limits the overall resolution of gridded products. The MOLA dataset label files (e.g., megt00n000hb.lbl) describe the 1/128-degree MOLA grid. The topographic data are divided into 16 files that cover from 88°N to 88°S areocentric latitude and 0°to 360°longitude. Other files are available that provide coverage at the poles. MOLA nadir observations were used to create these files, except in the polar regions (northward of 87°N and southward of 87°S), and the data were adjusted using a first-order crossover solution for radial, along-track, and across-track position. The data were binned into square cells having 128 bins per degree (463 m per pixel). The density of MOLA shots per cell is lowest near the equator, where 55 percent of the bins contain at least one MOLA shot, leaving 45 percent of the bins with no MOLA observations. Gaps up to 12 km exist between cells that contain a MOLA observation. Figure 1d shows a 10-degree by 10-degree area and the gaps between cells with MOLA observations for the 1/128-degree MOLA product. MGS is in a near polar orbit making MOLA observations denser in polar latitudes Ϯ78°to Ϯ87°so the data can support 512 bins per degree (114 m/pixel). Off nadir laser shots were used to fill in the areas at the polar caps, Ϯ87°to the poles, hence the quality of the data degrades in these areas.
The accuracy of the MOLA data is thus an enormous improvement over the Ն1 km vertical accuracy of pre-MGS global topographic data (USGS, 1991b; Batson and Eliason, 1995) , but DTMs with finer spatial resolution will always be desired in order to support particular geoscientific studies. This need can be met by stereoanalysis of Viking (as well as other) images and controlling the images to MOLA will ensure both consistency of the global and regional topographic models and the highest achievable absolute accuracy. This control process was initially conceptualized in terms of individual MOLA altimetric profiles (Duxbury et al., 1999; Yoon and Shan, 2005) but has been greatly simplified by the availability of gridded MOLA data. The vertical coordinates of image features serving as control points can readily be constrained to appropriate values interpolated from the global DTM once the approximate horizontal coordinates are known. Identifying common features between images and the DTM in order to enforce horizontal consistency is more difficult because of the lack of resemblance between the two datasets. Image features are more readily identified in digital image models (DIMs) synthesized from the MOLA data than in the DTM, but even these DIMs have irregular sampling (small features may be missing or distorted) and do not portray surface albedo patterns that appear in images (Archinal et al., 2003a) . These problems increase in severity as the image resolution is reduced below the MOLA grid spacing. A practical solution for regional mapping is therefore to use a previously produced medium-resolution mosaic as a base map for identifying features for horizontal control. Even with a resolution similar to the MOLA grid, such a mosaic will contain real data in every pixel and can show localized albedo variations as well as topographic features.
Mosaiced Digital Image Model (MDIM)
The global image mosaic used as a control base for the topographic mapping described here is another example of the continued utility of the Viking images. A set of approximately 5,000 images with resolutions in the range 200 to 300 m/pixel still provides the best combination of high but relatively uniform resolution and oblique illumination emphasizing surface morphologic features, and has been used as the basis of several generations of global digital image mosaics as described below. The most recent of these mosaics is orthorectified and is suitable for use as an image base in the digital photogrammetric workstation to provide initial horizontal control for digital mapping projects. This Viking dataset has not yet been superseded for this application. The Mars Orbiter Camera (MOC) on the Mars Global Surveyor spacecraft (Malin et al., 1992; Malin and Edgett, 2001 ) obtained a global two-color image set with 248 m/ pixel resolution in the red channel (Caplinger et al., 2001 ), but the low incidence angle and greater atmospheric opacity are much less favorable for discriminating surface morphology, and in any case a controlled mosaic has yet to be produced from these images. The 2001 Mars Odyssey THEMIS (Christensen et al., 2003) and Mars Express HRSC (Neukum et al., 2004; Albertz et al., 2005; Scholten et al., 2005) cameras are imaging Mars at resolutions of tens of meters per pixel but have yet to approach global coverage.
In the late 1980s, the USGS, Flagstaff, produced the first in what would become a series of very large, global digital image mosaics of solar system bodies (USGS, 1991a; Batson and Eliason, 1995) . The term MDIM (for Mosaicked Digital Image Model) is generic to such products, and has become associated primarily with the global Mars mosaic; revisions of this product have been produced and are identified by version numbers. Thus the original Mars MDIM, incorporating roughly 4,600 Viking Orbiter images at a scale of 1/256 degree or approximately 231 m/pixel, which was distributed on CD-ROM, has become known as MDIM 1.0. As the highest resolution global map of Mars, it was heavily used for both scientific studies and planning of current and future missions, but its positional accuracy became highly suspect as newer data were obtained (M. Malin, written communication, 1996) . The un-rectified mosaic contains seam mismatches of one to several pixels (up to 20 km) and was later shown by Kirk et al. (2001a) to have regional errors of approximately 6 km root mean square (RMS) as well as a systematic longitudinal offset of 10 to 15 km (approximately 0.2°) with respect to later Mars control networks (Davies et al., 1992; and to MOLA and Mars Orbiter Camera (MOC) data from MGS. Zeitler and Oberst (1999) showed that the systematic offset was due to an error in tying longitudes in the control networks to the Viking 1 landing site; the regional errors are intrinsic to the data and techniques used to make the mosaic. In the late 1990s, we therefore undertook the revision of the Mars MDIM (Kirk et al., 1999a; 2000a; 2001a; Kirk and Archinal, 2004 ). An interim product, MDIM 2.0, was released online and in limited quantities in 2000 and is still available online at the PDS Map-a-Planet website (Garcia, 2004) . In this version, the set of Viking images used in the mosaic was integrated into the evolving RAND control network of Mars, and MOLA data were used to constrain the vertical (but not horizontal) coordinates of the majority of control points. The result was to reduce random regional errors by a factor of two to approximately 3 km RMS (Kirk et al., 2001a) and seam mismatches to Յ1 pixel in most places. The appearance of the mosaic was also improved somewhat by more realistic photometric modeling (Kirk et al., 2000b) . Because the positional errors between MDIM 2.0 and the reference system defined by MOLA are extremely smooth, we were able to use sections of the interim mosaic as base maps for controlling other images to MOLA. Translating a mosaic section so that it aligned locally with the MOLA DTM eliminates not only the majority of the positional error in the mosaic, but also the difference in coordinate systems used. MDIM 2.0, like MDIM 1.0 and the vast majority of Mars maps produced up to the year 2000, utilizes planetographic latitudes (which are defined by the angle of the surface normal to the equatorial plane) and positive west longitude. MOLA products use an alternate system of planetocentric latitude (defined by the angle of the ray from the planet center to a point with the equatorial plane) and positive east longitude. Both systems were recognized by Commission 16 of the International Astronomical Union (IAU) in 1970. Since 2000, the majority of users, including the USGS and many NASA mission and instrument teams, have adopted the east/planetocentric coordinate system, but the west/planetographic system is still recognized by the IAU (Seidelmann et al., 2002) and is still in use. (See also the Grids & Datums column in this issue.) The difference between planetographic and planetocentric latitude coordinates amounts to approximately 0.3°(20 km) at 45°and vanishes at the equator and poles.
The final version of the Viking monochrome mosaic, MDIM 2.1, was completed in 2003 and is available online . It is currently being prepared for final delivery to the Planetary Data System (PDS). This mosaic incorporates further improvement of the photometric processing (Kirk et al., 2001c) , improved correction of vidicon distortions, and orthorectification to remove residual parallax errors within each image frame. The software and data for the Mars control net were transferred from RAND to USGS following Davies' retirement and were used to perform a control calculation for MDIM 2.1 ) that included MOLA elevations for all control points and MOLAderived horizontal, as well as, vertical control for a globally distributed subset of about 1,000 points (Archinal et al., 2003b) . Interim calculations suggest that completion of the elevation constraints by itself puts the control net close to agreement with the MOLA data (Kirk et al., 2001a) . The use of horizontal ties further reduced the error relative to MOLA to nearly one pixel (accuracy of the adjusted MOLA dataset itself is Ͻ100 m; see Neumann et al., 2001) , as verified by examining the entire mosaic with an overlay of MOLA elevation contours. Only a handful of areas show any visible offset between the mosaic and contours. The maximum image-to-image mismatch is on the order of 1 km (4 pixels) at a few locations, with subpixel mismatches elsewhere, even in areas of extremely rugged topography; RMS and maximum residuals in the control network are of comparable magnitude . Finally, unlike its predecessors, MDIM 2.1 was produced in a cylindrical projection equally sampled in planetocentric rather than planetographic projection and is based on the most recent cartographic constants for Mars, determined from MGS data (Duxbury et al., 2002) and adopted by the International Astronomical Union/International Association of Geodesy Working Group (IAU/IAG) on Cartographic Coordinates and Rotational Elements of the Planets and Satellites (Seidelmann et al., 2002) , These "IAU/IAG 2000" constants include a new reference ellipsoid for Mars and new specification of the rotational phase of the planet relating inertial to ground coordinates (W 0 ϭ 176.630°, which differs from past values by as much as 0.2°). These constants are unlikely to change in the next decade, and they have also been adopted for the final release of the MOLA altimetry. The result is that MDIM 2.1 overlies directly onto the MOLA DTM without reprojection or ad hoc adjustment, and thus serves as an ideal base map for transferring control from MOLA to higher resolution images.
Mapping Procedures Software
The two main software packages employed for digital processing of Viking Orbiter images are Integrated Software for Imaging Spectrometers (ISIS) (Eliason, 1997; Gaddis, et al., 1997; Torson and Becker, 1997) and SOCET SET ® (Miller and Walker, 1993; 
Site Selection
Sites to be mapped are defined in consultation between the Astrogeology Team, the Planetary Cartography and Geologic Mapping Working Group (PCGMWG), and Geologic Mapping Subcommittee (GEMS) of PCGMWG. The Astrogeology Team discusses site selection with interested parties and assists them in understanding the limitations of the data. The boundaries of the site will usually follow existing logical quadrangle schemes, but maps of special areas can be produced in support of science as interest and the availability of data dictate. Sites are selected based on the need for topographic data to support geologic mapping and the expected stereo precision of Viking Orbiter stereo models. As can be seen in Figure 1c , there is considerable variation in the expected stereo precision between 5°ϫ 5°areas. Since the stereo is provided by combining images from different orbits and due to different orbital geometries, odd shaped regions can result.
Obtaining the MDIM Map Base
A portion of the MDIM covering the area to be mapped can be extracted and used as an orthorectified image within SOCET SET ® . This image base assists in selecting photo identifiable points that can be used to tie the Viking Orbiter images together and can be used in the triangulation solution for horizontal control. Earlier mapping projects used MDIM 2.0 which needed to be adjusted by a locally determined translation to fit the IAU/IAG approved Mars coordinate system.
With the release and use of MDIM 2.1 this adjustment is no longer needed.
To bring in a portion of the ISIS MDIM 2.1 file into SOCET SET ® , the ISIS routine "dform" will produce a GIS compatible TIFF image and TIFF Worldfile that can be read by SOCET SET ® . The Worldfile contains the minimum information to align an image in a map projection. This includes the X and Y location of the top left pixel and the pixel cell size in the X and Y directions.
Obtaining MOLA Data Initially, MOLA data was obtained as point data which could be easily transformed into the IAU/IAG coordinate system with adjustments to the semi-major and semi-minor axes, and the prime meridian. Elevation information was processed in ArcMap ® to produce a gridded dataset that could be exported as an ASCII file that was imported into SOCET SET ® .
With the final release of MOLA, the gridded data set is in the IAU/IAG 2000 Mars coordinate system in planetocentric latitude and east longitude and can be used without any adjustment. MOLA data was downloaded from the Planetary Data System (PDS) Geosciences web node and formatted into a data file that could be used with ISIS. The ISIS programs "lev2tolev2" and "geom" will extract an area of interest. A stand-alone software program, called "isis2arc_dd," was written to format the data into an ASCII file that SOCET SET ® can import as an elevation file.
Viking Orbiter Image Selection
Based on the region of interest, a list of candidate stereo models can be selected from the Viking Orbiter Image Database (Kirk et al., 1999b) . Using the expected precision and image resolution, this list is analyzed to select the orbits and images within an orbit that could be used for mapping. The optimal images are those with an image resolution about 100 m and an expected precision below 100 m. Images in this resolution range typically yield relatively systematic stereo coverage, simplifying the merging of stereo models, while improving on the resolution of the MOLA data. We have also used images with resolutions in the 20 m to 40 m range for small areas. Such images are not optimal for large areas because they must typically be taken from many different orbits and are often very irregularly, even chaotically, distributed across the map area. The triangulation process becomes more complex with an increased number of tie points, often there are many small, odd shaped stereo models that must be merged. At the other extreme, there is not much benefit to mapping with image pairs of resolution greater than 300 m and/or expected precision larger than 150 m. The footprints of the candidate images identified from the database are displayed in ArcMap ® to assess whether the map region is completely covered. In many instances, the database does not yield the best possible set of stereopairs for mapping the region of interest, and the list of candidate images may omit some useful frames from particular orbits. These omissions are largely the result of the irregular pattern of image overlaps, combined with errors in the Viking Orbiter pointing data that frequently result in footprints that are misplaced by half a frame or even more. By displaying the footprints, all images can be selected that might be of interest for mapping. The final selection of the minimum set of images to be used and the minimum set of image pairs from which to produce stereomodels must be based on the actual image overlaps as determined through the control process described below.
Preparation of Viking Images
Images are downloaded in EDR format from the PDS Imaging Node. These raw images are processed to add geometry 1 Any use of trade, product, or firm names is for descriptive purposes only and does not imply endorsement by the U.S. Government.
information to the image header and to correct the radiometry and geometry of the images. The ISIS program "spicelab" is used to place geometry information in the image header. The program will check for adjusted geometry information, and if that is not available, the predicted geometry information will be used. The reseaux are located, and their positions are stored in the image header. Radiometric correction corrects for the varying response of the vidicon across the field of view of the camera and converts image data values to radiance factor values. A standard deviation filter is used to replace noisy pixels with an average value from an area around the noisy pixel. The reseaux are removed, and the pixel values are replaced by using a low pass filter to replace the null pixels. The edges of the images are trimmed to remove bad pixels, and then the images are geometrically corrected to remove camera distortions. A final high pass filter is run with a large box size (201 pixels) to balance the image tone. The images, along with position and orientation data, are imported into SOCET SET ® . When importing an image in SOCET SET ® , the known camera position and orientation are also imported. Camera positions and orientations exist on the labels of ISIS images, but in coordinate systems not recognized by SOCET SET ® . ISIS stores the camera position as a vector in Earth Mean Equatorial (EME) coordinates. EME is an inertial coordinate system in which the equations of motion for the solar system may be integrated. EME is specified by the orientation of the Earth's mean equator and equinox at a particular epoch (typically the J2000.0 epoch). The J2000.0 epoch is noon on 01 January 2000 Barycentric Dynamical Time. For use in SOCET SET ® , the ISIS camera positions are converted to planetographic coordinates (specifically, longitude and latitude relative to the center of a planet, and height above the ellipsoid). Attention must be given to the resulting longitude coordinate of the camera position. For many planets, the direction of positive longitude is defined to be positive-west, whereas SOCET SET ® expects longitudes to be entered as positive-east, consistent with the definition on Earth. When positive longitudinal direction conflicts with that of Earth, the positive longitude direction must be converted upon import to and export from SOCET SET ® . As for camera orientation angles, these are stored in ISIS as right ascension, declination and twist (RA, Dec, Twist) angles, which define the transform between EME coordinates and camera coordinates. SOCET SET ® expects camera orientation angles that define the transformation from ground space (planet surface) to image space; hence the ISIS camera orientation angles are converted to the photogrammetrically familiar omega-phi-kappa rotation system.
SOCET SET ® Processing
SOCET SET ® is used for photogrammetric extraction of elevation data from Viking imagery and MOLA data. The MDIM provides initial horizontal control and MOLA provides final horizontal and vertical control (as described below). A DTM is collected that is slightly larger than the final map. An orthophoto mosaic is produced using this DTM and the Viking imagery.
Prior to starting a SOCET SET ® project, the internal database files that define geodetic parameters are updated to include planetary definitions. Definitions for planetary bodies, datum names, and any projections are added. For planetary mapping projects, work is usually completed in a geographic or a local space rectangular system. Mapping the Lunar poles was done in a polar stereographic projection that was modified to include definitions for a sphere matching the IAU/IAG definitions for the Moon (Rosiek et al., 2000) . Mapping projects using Viking Orbiter images are set up in a geographic coordinate system.
Triangulation
Triangulation is an iterative process that removes the inaccuracy in Viking Orbiter pointing and ties the solution to the horizontal and vertical control provided by MOLA. Initial horizontal control is provided by MDIM 2.1, but the final triangulation solution relies on information provided by MOLA.
The images are imported with known camera positions and angles. For relatively narrow field, high altitude planetary imagery including the Viking Orbiter images, corrections to the camera angles are strongly correlated with corrections to the spacecraft position. Therefore, errors in the ground locations of the images can be accounted for by adjusting only the camera angles. In setting up the triangulation file, the positions of the Viking Orbiter images are held and the camera angles are adjusted. For the MDIM 2.1 orthoimage, no values are adjusted. The images from one orbit are placed in a strip mainly for record-keeping purposes and to ease the addition of images if the area is not adequately covered by the initial set of images.
The initial triangulation is based on a sparse set of manually measured tie points that tie the images together and to MDIM 2.1. This solution reduces the error in Viking Orbiter pointing angles sufficiently to yield substantially improved estimates of the overlaps between the various images. After this initial solution, additional tie points are measured by either automatic point measurement or manual point measurement. This densifies the network of tie points and increases the strength of the network used to solve the triangulation. If automatic point measurements are made prior to the initial triangulation, there are typically many erroneous measurements that need to be edited, which reduces the effectiveness of using automatic point measurement.
Control points are added that will tie the imagery to the MOLA data. Elevation contours are drawn using the MOLA data, and features such as crater centers or tops of ridges are selected which can be identified in the imagery. The features are identified in the imagery, and image coordinates are measured. Latitude, longitude, and elevation values are supplied by the MOLA data, and the coordinates are weighted to hold the solution to those values. Horizontal values are weighted to hold within a pixel (100 m to 200 m) and elevations are weighted at 10 m. Our mapping areas range in size between 5°ϫ 5°and 20°ϫ 20°and 8 to 15 control points will sufficiently tie the images to the MOLA data.
The triangulation solution is iterated with points having high residuals being removed from the solution and control points added if stereomodels do not fit well to the MOLA data. Final triangulation solutions have under a pixel of error in the overall solution.
Automatic Terrain Extraction and Interactive Terrain Editing
Each stereomodel is initialized with MOLA data, as this will guide the Automatic Terrain Extraction (ATE) process and reduce the time needed for Interactive Terrain editing (ITE). ATE uses a correlation algorithm, and the peak of the correlation curve identifies the image coordinates that are used to determine the latitude, longitude and elevation of a point. By tuning the ATE parameters, areas where the correlation values are high can be kept. In areas where the images are bland, and the correlation values are low, the MOLA data elevation values are retained. This results in fewer false matches that need to be edited. Most of the discrepancies with MOLA data occur in areas of steep slopes.
The six main ATE parameters that affect the results are:
1. CORR_CUTOFF: This parameter sets the minimum acceptable correlation value at a post. A perfect correlation value would be 1.0. The default values are between 0.5 and 0.4 and for some images this value may be set to 0.8 to 0.9. By increasing the value for this parameter only strong matches will be retained. For Viking images the default values generally are adequate, whereas for Apollo Lunar images this parameter may be set to 0.8 to 0.9. If the DTM is noisy, then sometimes raising the value of this parameter will reduce the noise. If the DTM does not contain many matches, then lower the value of this parameter will allow more matches to be accepted. 2. CORR_AREA_2D 3. MAX_CORR_AREA_2D 4. LOW_SP_LIM: The first two of these parameters set the minimum and maximum size of the sub-image that will be used in determining the correlation values and the third parameters sets the value used to test if the size of the subimage should increase. The CORR_AREA number refers to number of pixels along the edge of a square sub-image, so 15 would mean that the sub-image is 15 by 15 pixels in size.
The default is to set the minimum and maximum size to 15. For Viking images the minimum size is set to 15 and the maximum size is set to 21. The third parameter tests the signal power in the sub-image and if the value is low the size of the sub-image will increase until the maximum size is reached. The default is a value between 400 and 200. For Viking images we use a value of between 200 and 100. 5. Reduced resolution data set: This parameter selects the image resolution to use in determining the correlation value. For Viking images we use three different resolution images, the first pass is with an image reduced 4 to 1 in resolution, the second pass is with an image reduced 2 to 1 in resolution, and the final pass uses the full resolution of the image. If the images are noisy, then the final pass is stopped with an image reduced 2 to 1 in resolution. This avoids false matches and produces a smoother DTM. 6. U_SRCH_DIST: This parameter sets a search limit to make comparison between the two images. If the size of the correlation area of the first image is 15 pixels square and the search distance is 3 pixels the sub image from the second image will be 21 pixels by 15 pixels and this will provide seven sub-images that are 15 pixels by 15 pixels that are compared to the sub-image from the first image. By reducing the value for this parameter a limit can be placed on how much the DTM values change from the original estimate. The default is a search distance of 15 pixels, for Viking images this is reduced to 11 pixels to 5 pixels, and in some cases this might be reduced to 3 pixels. This reduction avoids mismatching a crater with another crater in the general area and reduces false high and low points in the DTM.
All the individual stereo models are merged together and the resulting DTM is edited to remove false matches, seam lines, and DTM errors, mainly in areas of steep slopes and shadows. The final edited DTM is used to produce an orthomosaic.
Orthomosaic
Processing the Viking orbiter images results in a border of about 25 pixels where there are no data values. The images are trimmed to exclude the borders and are then mosaiced with the SOCET SET ® mosaic tool. This tool provides options to smooth the seams and to adjust where the seams fall between images. The dynamic range of the images can be adjusted to produce a visually appealing image.
Export Data
The DTM and orthomosaic are exported from SOCET SET ® back to ISIS. Routines within the SOCET SET ® libraries and ISIS programs are used to project the data from planetographic coordinates in an Equidistant Cylindrical projection into planetocentric coordinates in a Mars Transverse Mercator projection. The DTM and orthophotomosaic are trimmed to the map boundaries of the project and are brought into ArcMap ® where the contours are drawn based on the DTM. The resolution of the DTM for Viking images is generally 600 m, but for some high-resolution images a spacing of 200 m is used. These data are exported in Illustrator ® format for finalization.
Map Finalization
The map finalization process brings together the orthophoto mosaic, contour lines, grid lines, nomenclature, and collar information. Two sets of grids are produced using the ISIS program "lev2grid" which can generate grids to scale in either the planetocentric or planetographic latitude system. Boundaries, increment, projection and scale for the grids are defined by "lev2grid parameters." Grids are generated in an Illustrator ® compatible format. To align the planetographic grid to the planetocentric grid, a bounding box is created on the planetographic grid using calculated planetographic coordinates that match the latitude and longitude ranges for the planetocentric grid.
Mars Transverse Mercator Projection
The Mars Transverse Mercator (MTM) Map Series has been used to publish geologic and controlled photomosaic maps of Mars since 1984. Traditionally maps were published using planetographic coordinates with positive west longitude (Inge and Batson, 1992) . In recent years, planetocentric coordinates with positive east longitude have become more widely used for Mars planetary data (Duxbury et al., 2002) . The MTM map series has been updated to use planetocentric coordinates with positive east longitude as the primary grid with a secondary grid showing the planetographic coordinates with positive west longitude (Rosiek et al., 2003) To distinguish between MTM maps in planetocentric and planetographic coordinates, the map designator has been modified. MTM 500K Ϫ05/287 E would refer to a planetocentric Mars transverse Mercator Map, 1:500 000 scale, centered at 5°S latitude and 287.5°E longitude. This would correspond roughly to MTM 500K Ϫ05/072 in the planetographic system, Mars Transverse Mercator Map, 1:500 000 scale, centered at 5°S latitude and 72.5°W longitude.
Data Distribution
All data are produced digitally, and digital products are available online. The final map product is published in the Scientific Investigations Map Series (previously called Geologic Investigation Series) and is available as a webonly publication. The final map is available through the Western Region GeoPubs Web Site (Donlin et al., 2004) . The orthophoto mosaic image and DTM are available through the Astrogeology web site (Rosiek, 2004) . There are at present eleven 5°ϫ 5°quads that are completed, two that are in final review, two that are ready for initial review, and two that are scheduled for production.
Conclusions
The Viking Orbiters were highly successful missions and the image data collected has been used to produce many valuable products and remains a useful data set for deriving topographic information. MOLA data is a benchmark product of extraordinarily high absolute accuracy that provides a standard for controlling and comparing other data sets, but there is still room to improve upon MOLA to fill in gaps and increase the density of the topographic data. Application of the softcopy stereo techniques described here, which make synergistic use of public-domain planetary cartography software and a commercial stereomapping package, to Viking Orbiter data results in DTMs with an absolute accuracy approaching that of MOLA and significantly improved resolution for many parts of Mars. Similar techniques are already being applied to image data from current missions such as the MGS Mars Orbiter Camera (Kirk et al., 2003) , and Mars Express High Resolution Stereo Camera (Kirk et al., 2004b; Albertz et al., 2005) . Data from the 2001 Mars Odyssey Thermal Emission Imaging System are also viable for topographic mapping (Archinal et al., 2003a) and will likely be exploited in the future. Acquisition of stereopairs of images by off-nadir pointing and production of stereo DTMs at resolutions as high as 1 m spacing are key aspects of the planned operation of the High Resolution Imaging Science Experiment (HiRISE) camera to be flown on the Mars Reconnaissance Orbiter in (McEwen et al., 2002 . Nevertheless, despite the increasing volume and quality of data becoming available from these sources, there will continue to be parts of Mars for which Viking Orbiter provides the image coverage with the best combination of resolution, illumination, and stereo viewing geometry. In addition, the MDIM 2.1 global mosaic derived from Viking images will continue to provide a valuable intermediate link between new images and the MOLA dataset that provides the ultimate definition of the coordinate system to which these images must be controlled.
